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ABSTRACT 
A  histochemical technique for the demonstration of K§ 
(K§  activity, a component of the Na+,K+-ATPase, has been applied at 
the fine structural level in the somatosensory cortex of the rat.  Reaction product 
was consistently found in dendrites and in association with the cytoplasmic aspect 
of  the  dendritic  plasmalemma.  Reaction  product  often  filled  portions  of  the 
tubular  smooth  endoplasmic  reticulum  in  these  processes.  The  results  of these 
studies are interpreted  to indicate that enzymatic activity is associated with large- 
and small-diameter  dendrites.  No convincing evidence of high activity was found 
in glial profiles. 
The  importance  of neurons  and  their  dendrites  in  active  transport  of sodium 
and potassium ions in the cerebral cortex may be more significant than indicated 
by studies with isolated  neurons and glia. 
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An important  advance in enzyme histochemistry 
has been the demonstration of K+-p-nitrophenyl  - 
phosphatase (K+-pNPPase) activity, a component 
of the Na§  (1,4, 27) by the technique 
of Ernst (6, 7). This method is applicable for light 
and electron microscopy and has been utilized to 
localize K§  activity in the secretory epi- 
thelium  of the  avian  salt  gland  (6,  7,  9),  in  the 
endothelium of the rat cornea (16), in the lateral 
nasal gland of the desert iguana (5), and in cells of 
the  renal  distal  tubule  of the  rat  (8,  10).  This 
technique  has been  validated  utilizing  avian  salt 
gland (9),  where  [3H]ouabain, an established  in- 
hibitor  of  the  Na+,K§  binds  to  sites 
having the  same  distribution  as the  K+-pNPPase 
activity.  Kyte  (15)  has  also  independently  used 
immunocytochemical techniques  to  confirm  that 
the  basolateral  plasma  membrane  of the  distal 
renal  tubule  contains  Na+,K+-ATPase-binding 
sites. 
The application of the Ernst histochemical tech- 
nique  to  localization  of  K+-pNPPase  activity  in 
cerebral cortex is especially important since there 
are conflicting biochemical data on whether neu- 
rons possess appreciable Na+,K+-ATPase activity 
(cf. reference 30 for review of this problem). 
Our efforts to localize  K+-pNPPase activity in 
the somatosensory cortex of the rat by light micro- 
scope histochemicai methods led to the conclusion 
that  much  of  the  enzymatic  activity  resided  in 
neuronal  processes  (29,  30).  Although  other 
structures did show activity, the more pronounced 
deposits of reaction product were associated with 
vertically oriented bundles of large structures -3- 
6  g~m  in  diameter.  These  appeared  to  arise  in 
layer five of the  cerebral  cortex  and  arborize  in 
J. CELL BIOLOGY  ￿9  The Rockefeller University Press ￿9 0021-9525/78/0501-R1351.00  R13 more  superficial  layers.  Since  an  equivalent  ar- 
rangement of cortical dendritic processes has been 
described  using  light  and  electron  microscope 
methods  (see  References  11,  12,  20,  31,  and  a 
review  by  Towe,  32),  it  was  thought  that  the 
highly reactive, large-diameter, vertically oriented 
structures  seen  in  our  preparations  were  apical 
dendritic  processes.  This  report  deals  with  the 
identification  of dendrites  and  associated  sites of 
K§  activity in the somatosensory  cortex 
of the rat by electron microscopy. 
MATERIALS  AND  METHODS 
The animals used were adult male Sprague-Dawley rats. 
Anesthetized  animals  were  perfused  through  their  as- 
cending  aortas  with  chilled  3%  formaldehyde  plus 
0.25%  glutaraldehyde in 0.1  M cacodylate buffer, pH 
7.4, for 20 rain. After an additional 20 min, brains were 
removed  and  cortical  areas  1,  2,  and  3  (14)  were 
dissected  out. Blocks of cortical material were sectioned 
at 50 ~m with a Vibratome. 
Ernst's procedure (6, 7) was used to demonstrate K § 
pNPPase activity in these sections as described in detail 
elsewhere (29, 30), except that the concentration of Pb 
(NOa)2 was reduced to 4 mM. This modification in the 
application of this technique was found to be critical  to 
nervous tissue  if preservation of morphology was to be 
obtained. In brief, the procedure was as follows: Vibra- 
tome slices were incubated in a  medium containing 20 
mM p-nitrophenylphosphate,  10  mM MgCI~, 1.7  mM 
levamisole, 10  mM KCI,  10  mM SrCI~, and  100  mM 
Tris-HC1, pH 9, +-- 10 mM ouabain for 1 h at 30~  (29, 
30). The slices were rinsed for 5 min in  100  mM Tris- 
HC1 in  100 mM sucrose,  pH 9, and for 5 min in 4 mM 
Pb(NOa)2. Slices were then rinsed in 0.25 M sucrose and 
0.1  M cacodylate buffer,  pH  7.4.  After histochemical 
treatment, the tissue was postfixed for 1 h in 1% osmium 
tetroxide in 0.1 M cacodylate buffer, pH 7.4, dehydrated 
with  acetone,  and  embedded  in  Epon.  Thin  sections 
were  obtained  from  blocks  oriented  with  the  cortical 
surface  at  the  top  and  from  blocks  oriented  so  that 
sections  were  cut  tangential  to  the  cortical  surface. 
Unstained  thin  sections  and  thin  sections stained  with 
uranyl acetate  and lead citrate were examined with an 
electron microscope. 
K+-pNPPase  activity  was  determined in slices of so- 
matosensory cortex from unfixed brain and from brain 
fixed as described above. The chemical assay utilized the 
same medium used in the histochemical localization of 
K+-pNPPase  activity.  This approach was described ear- 
lier (29). 
RESULTS AND  DISCUSSION 
Early experience indicated that brief 5- to  10-min 
fixations of somatosensory  cortex in  3%  formal- 
dehyde  in  0.1  M  cacodylate  buffer,  pH  7.4, 
resulted in a  10-30%  loss in K§  activity 
(29).  We  can  now  report  that  longer,  40omin 
exposures to this fixative containing 0.25 % glutar- 
aldehyde  result  in  an  average  additional  loss  of 
-13%  enzymatic  activity.  Although  we  have 
looked carefully, we have not been able to detect 
differences  in  the  histochemical  distribution  of 
reaction product,  that is, loss of reaction product 
from sites showing reactivity in preparations fixed 
for shorter times. Preservation of morphology was 
improved by the longer exposure  to the fixative, 
as was expected. 
Reaction product was not associated with every 
dendritic process seen in the electron microscope, 
but good examples of dendritic activity were found 
throughout  the  cortex.  Profiles of large,  reactive 
dendrites were observed in cross and longitudinal 
section  (Figs.  1  and  2).  Smaller-diameter  den- 
drites also showed reactivity as illustrated in Figs. 
3 and 4. In some cases, it was possible to demon- 
strate that reaction product was associated prefer- 
entially with the cytoplasmic aspect of the dendri- 
tic  plasmalemma  (Figs.  2  and  4).  The  reaction 
product  at  the  plasmalemma  often  occurred  in 
patches  or  clumps,  and  those  portions  of  the 
membrane between the patches of reaction prod- 
uct  were  usually  free  of precipitate  (Figs.  1-4). 
Reaction product  sometimes filled all or portions 
of the small, vesicle-like structures comprising the 
smooth endoplasmic reticulum of these dendrites 
as seen in Fig. 1 and to better advantage in Fig. 2. 
K+-pNPPase  activity was rarely found  associated 
with mitochondrial membranes or with the neuro- 
tubules  of these  dendrites  (Figs.  1-4).  Reaction 
product  was  less  consistently  found  in  neuronal 
spine tips, axons, and perikarya.  We were unable 
to find convincing examples of deposits of reaction 
product  in  glial  profiles.  Control  sections  incu- 
bated in media containing ouabain or without KCI 
did  not  have  precipitate  deposited  at  membrane 
surfaces. 
The identification of K+-pNPPase-generated re- 
action product  in dendrites  of the somatosensory 
cortex  of  the  rat  by  electron  microscope  tech- 
niques  confirms  our  earlier,  tentative  conclusion 
that K+-pNPPase activity resided in dendrites (29, 
30).  This  has  not  been  proven  previously.  With 
regard to other localizations of enzymatic activity, 
the  tubular  elements of the  smooth-surfaced  en- 
doplasmic reticulum were often  partially or com- 
pletely filled with reaction  product,  and  Nat,K +- 
ATPase activity has been localized in cell fractions 
thought to contain fragments of smooth endoplas- 
mic  reticulum  (2,  17).  Na+,K§  activity 
was not present  in purified mitochondria isolated 
R14  RAPID  COMMUNICATIONS FIGURE  1  Cross  section  of  a  large-diameter  dendrite.  K+-pNPPase-generated  reaction  product  is 
precipitated at  the  dendritic plasmalemma (arrows)  and in  some  profiles of the  smooth  endoplasmic 
reticulum. Bar, 1.0 #,m. 
FiGum~  2  Longitudinal section of a  large-diameter dendrite.  K+-pNPPase-generated reaction product 
can be seen precipitated at the cytoplasmic surface of the dendritic plasmalemma (small arrows) and filling 
or partially filling portions of the smooth endoplasmic reticulum (large arrows). Bar, 0.5 p.m. 
FIGURE  3  A  medium-sized dendrite with K§  reaction product at the plasmalemma 
(arrows). Bar, 0.5 /~m. 
FIGURE  4  A  medium-sized dendrite with  K§  reaction product  at  the cytoplasmic 
aspect of the plasmalemma (small arrows) and filling elements of the smooth endoplasmic reticulum (large 
arrows). Bar, 0.5 ~m. 
R15 from homogenates of rat brain (28), and reaction 
product was not found associated with these struc- 
tures  histochemically. The  enzymatic activity lo- 
calized in our studies was Kt-dependent and could 
be  inhibited by  the  cardiac  glycoside,  ouabain. 
Both  of  these  features  are  characteristic  of  K t- 
pNPPase  activity (1,  4,  27).  Localization of the 
reaction product at the cytoplasmic aspect of the 
dendritic plasmalemma reported  here  would also 
be expected if the enzymatic activity was Na+,K t- 
ATPase  related  (1,  4,  27).  The  stimulation  of 
activity  by  K §  along  with  ouabain  inhibition of 
activity and the localization of reaction product on 
the cytoplasmic side of the dendritic plasmalemma 
led to the conclusion that Na+,K+-ATPase-related 
enzymatic activity had been localized in dendrites 
in the somatosensory cortex of the rat. 
It is important to note that the results of studies 
of glial-rich and neuronal-rich fractions obtained 
from homogenates of whole brain are discrepant. 
Some  investigators  have  found  higher  Nat,K t- 
ATPase  activities in glial fractions  than  in  neu- 
ronal  fractions  (18,  19),  while  others  have  not 
(13).  Related  to  this,  it  has  been  generally ac- 
cepted  that the  total volume of the cytoplasm of 
neuronal  processes  is  greater,  sometimes  many 
times greater, than the volume of the perikaryon. 
However,  illustrations  of  the  "cells"  obtained 
after cell isolation procedures have clearly shown 
the  so-called  neuronal-rich fraction  to  be  com- 
posed  of neuron cell bodies  with  the  axons and 
dendrites shorn off (3, 18, 19, 21, 23). If a major 
portion of the  neuronal Na+,K+-ATPase activity 
resided in dendrites, as our studies indicated, then 
it is probable that the  proportion of neuronal to 
glial Nat,K+-ATPase activity has been underesti- 
mated and that the relative importance of glia in 
the  transport  of Na  t  and K t  has  been overesti- 
mated. 
From a functional standpoint, Na+,Kt-ATPase 
activity is directly proportional to ion flux (1), and 
the importance of K+-pNPPase activity to dendrite 
function may be related to the  physiological role 
of  dendrites  in  initiating  membrane  generator 
potentials for electrical conduction (22, 25). This 
warrants  additional  study,  as  do  the  possible 
changes  in  dendritic  K+-pNPPase  activity  in  al- 
tered  physiological states.  For example,  there  is 
evidence  that  Nat,Kt-ATPase  activity  is  de- 
creased from normal levels in human epileptic foci 
(24). It is intriguing that there is also a decrease in 
the number of spines on apical dendrites of neu- 
rons in epileptic foci (26). Further study using this 
histochemical approach  may permit examination 
of such possible interrelationships between enzy- 
matic activity and morphological alteration. 
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